The marine diatom Phaeodactylum tricornutum is expected to be a source of hydrocarbons and carotenoids that are synthesized via isoprenoid precursor biosynthesis pathways such as the mevalonate (MVA) and the 2-C-methyl-D-erythritol phosphate (MEP) pathways, because the molecular biotechnological techniques for metabolic engineering have been established. In this study, we investigated the expression profiles of the genes, including those in the MVA and MEP pathways, under various culture conditions using RNA-seq analysis to obtain information useful for the metabolic engineering and development of endogenous promoters that can highly drive the expression of transgenes in P. tricornutum. The expression levels of the genes in the MVA pathway, except for the 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) gene, were low under all the conditions tested, and the expression levels of the 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (CMK) and 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MDS) genes in the MEP pathway were relatively low. Eleven genes with high expression levels, including the V-type proton ATPase subunit C-like gene, which are potential sources of endogenous promoters in P. tricornutum, were selected. These results are expected to provide useful information for the metabolic engineering of P. tricornutum.
INTRODUCTION
Marine diatoms are major groups of unicellular photosynthetic eukaryotes (Mann and Droop, 1996) . Diatoms are of broad interest for basic studies of the ecosystem, evolution, and metabolism due to their enormous contribution to primary production on Earth (Nelson et al., 1995) , complex evolutionary history as secondary endosymbionts (Falkowski et al., 2004) , and their unique ability to produce silica-based cell walls (Martin-Jézéquel et al., 2000) . In addition, diatoms represent a potential source of sustainable products such as hydrocarbon-based biofuel precursors that could serve as a solution to the energy crisis and environmental issues (Wijffels and Barbosa, 2010) . Diatoms have also been considered a potential source of commercial applications because they produce bioactive compounds such as carotenoids that are beneficial to human health through their excellent antioxidant activity (Van Den Berg et al., 2000; Pulz and Gross, 2004) .
In land plants and diatoms, hydrocarbons (e.g., squalene) and carotenoids are synthesized via isoprenoid precursor biosynthesis pathways such as the mevalonate (MVA) and 2-C-methyl-D-erythritol phosphate (MEP) pathways, respectively (Lohr et al., 2012; Fabris et al., 2014) . Potential MVA and MEP pathways in Pennales Phaeodactylum tricornutum are summarized in Fig. 1 (Lohr et al., 2012; Hemmerlin, 2013; Vranová et al., 2013; Fabris et al., 2014) . To enhance the production of hydrocarbons and carotenoids, overexpression of the 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) gene in the MVA pathway and the 1-deoxy-D-xylulose 5-phosphate synthase (DXS), 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR), and 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase (HDR) genes in the MEP pathway has been reported, because these enzymes are thought to be the major rate-limiting enzymes in plants (Lohr et al., 2012) . For example, the overexpression of the HMGR or DXS genes has resulted in increased phytosterols and carotenoids in tomato, respectively (Enfissi et al., 2005) . In diatoms, introducing the endogenous DXS gene to P. tricornutum resulted in an increase in the amount of carotenoids such as fucoxanthin, diadinoxanthin, and -carotene (Eilers et al., 2015) .
On the other hand, it was reported that control of the MVA and MEP pathways occurs mainly at the transcription level in plants (Vranová et al., 2013) . This issue suggests that analyzing the expression profiles of genes in both pathways using quantitative RNA-seq is important for selecting target genes for overexpression. However, the expression profiles of the genes in both pathways of diatoms have not been fully investigated, although the expressed sequence Vol. 54, No. 1 (2016) Expression Profile of Genes Involved in Isoprenoid Biosynthesis in the Marine Diatom Phaeodactylum tricornutum tag (EST) of the model diatoms, Pennales P. tricornutum and Centrics Thalassiosira pseudonana, have been opened to the public (Maheswari et al., 2009) . Phaeodactylum tricornutum has several advantages for metabolic engineering because of well-established techniques for introducing genes (Apt et al., 1996; Falciatore et al., 1999; Miyagawa et al., 2009; Miyahara et al., 2013; Zhang and Hu, 2014; Karas et al., 2015) . In addition, powerful molecular biotechnological techniques such as RNA silencing (De Riso et al., 2009; Sakaguchi et al., 2011; Lavaud et al., 2012) and genome editing using transcription activator-like effector nucleases (TALENs) (Daboussi et al., 2014; Weyman et al., 2014) are available for manipulating target genes. These molecular tools have been used in some studies to create genetically modified P. tricornutum as a potential source of biofuels (Radakovits et al., 2011; Niu et al., 2013; Hamilton et al., 2014) , carotenoids (Eilers et al., 2015; Kadono et al., 2015) , and specialty chemicals (Hempel et al., 2011; Hempel and Maier, 2012) .
Gene promoters that drive transgene expression at a high level are very important for metabolic engineering of P. tricornutum. In recent years, several endogenous gene promoters have become available for expressing transgenes in diatoms (Apt et al., 1996; Falciatore et al., 1999; Fischer et al., 1999; Harada et al., 2005; Poulsen and Kröger, 2005; Poulsen et al., 2006; Miyagawa-Yamaguchi et al., 2011; Muto et al., 2013; Ifuku et al., 2015; Seo et al., 2015) . Of those endogenous gene promoters, the promoter for the fucoxanthin chlorophyll a/c-binding protein gene (fcp) has been commonly used in biotechnological applications in diatoms (Radakovits et al., 2011; Niu et al., 2013; Trentacoste et al., 2013; Hamilton et al., 2014; Kadono et al., 2015) . However, some reports suggest that the activity of the fcp promoter may not be strong enough to overexpress introduced genes and promote significant increases in target products (Radakovits et al., 2011; Kadono et al., 2015) . Therefore, promoters useful for the high-level expression of transgenes in genetically modified P. tricornutum are desired.
In this study, we investigated the expression profiles of the genes involved in the MVA and MEP pathways in P. tricornutum under various culture conditions in different combinations of temperatures and salinities using RNA-seq analysis to get information useful for enhancing the production of hydrocarbons and carotenoids in P. tricornutum. In addition, we also searched for the genes with high-level expression useful for developing promoters that can highly drive the expression of transgenes in P. tricornutum.
MATERIALS AND METHODS

Algal culture
Pennales P. tricornutum Bohlin (National Research Institute of Aquaculture, Fisheries Research Agency, Mie, Japan, Strain NRIA-0065) was used in this study. Cells were grown under a light cycle of 12 h light and 12 h dark with approximately 90 mol photons m 2 s 1 in liquid f/2 medium (Guillard, 1975) prepared from deep ocean water Environ. Control Biol. provided by the Deep Seawater Research Institute (Kochi, Japan). Culturing was performed under the above condition in different combinations of temperatures and salinities as described in Table 1 . Salinities of 20 and 30 were adjusted by diluting with distilled water. The salinity of 40 was adjusted by adding artificial salts (Yamaguchi et al., 2012) . Cell densities were counted under an optical microscope (IX70; Olympus Corporation, Tokyo, Japan). Growth rate (divisions d 1 ) was calculated by following the method of Yoshimatsu et al. (2014) .
Genomic DNA preparation and RNA-seq analysis Genomic DNA and total RNA were isolated from the algae using a NucleoSpin ® Plant II (MACHEREY-NAGEL GmbH & CO. KG, Düren, Germany) and TriPure Isolation Reagent (Roche Diagnostics GmbH, Mannheim, Germany) following the method reported by Kadono et al. (2015) , respectively. To remove DNA from isolated RNA, we used an RNeasy Plant Mini Kit (QIAGEN Inc., CA, USA) coupled with an RNase-Free DNase Set (QIAGEN Inc., CA, USA). The quality of the isolated RNA was checked by using RNA Integrity Number measured with the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., CA, USA). Following isolation of genomic DNA and total RNA, sequence and data analysis were performed using the analysis package provided by Genaris, Inc. (http://www.genaris.co.jp/) following the method described by Kadono et al. (2015) . In brief, genomic DNA was sequenced according to the instructions for the 454 FLX Titanium system (454 Life Sciences, CT, USA). Sequencing reads were assembled using Newbler version 2.8 (454 Life Sciences, CT, USA). The synthesis of cDNA and sequencing of paired-end reads (2 75 bp) were carried out according to the instructions accompanying an Illumina HiSeq 2000 sequencer (Illumina, Inc., CA, USA).
After trimming the read sequences using a unique algorithm from Genaris, Inc., the resulting sequences were mapped using TopHat (Trapnell et al., 2009 ) and the expression levels were estimated using Cufflinks (Trapnell et al., 2010) .
RESULTS AND DISCUSSION
Expression analysis of genes in the MVA and MEP pathways of P. tricornutum To get information useful for selecting target genes used for overexpression in P. tricornutum, we investigated the expression profiles of genes that encode the enzymes in the MVA and MEP pathways under various culture conditions (Fig. 2) . All the genes in both pathways were constitutively expressed under all the conditions tested. Of the genes in the MVA pathway, the fragments per kilobase of exon per million mapped sequence reads (FPKM) of the genes except for the HMGR gene were low under all the conditions tested. Of the genes in the MEP pathway, the FPKMs of the 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (CMK) and 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MDS) genes were relatively lower than those of other genes under all the conditions tested, while those of the 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (HDS) and HDR genes were relatively higher than those of other genes under all the conditions tested.
In medicinal plants, the transcriptome analyses have been carried out to better understand the potential biochemical pathways leading to the synthesis of medicinal compounds and other related compounds (Barrero et al., 2011; Gahlan et al., 2012; He et al., 2012; Kalra et al., 2013; Pandit et al., 2013 ). The expression level of the genes that encode the enzymes in the MVA and MEP pathways varies among medicinal plants. For example, the expression level of the HMGR gene in the MVA pathway and that of the HDS gene in the MEP pathway were relatively lower than those of other genes in each pathway in Picrorhiza kurrooa Royle ex Benth. leaf (Gahlan et al., 2012) . In contrast, the expression level of the HMGR gene in the MVA pathway was highest among those of other genes in the MVA pathway in Euphorbia fischeriana root and Chlorophytum borivilianum leaf and root similar to P. tricornutum (Barrero et al., 2011; Kalra et al., 2013) . These issues suggest that the regulation mechaVol. 54, No. 1 (2016) (Fabris et al., 2014) . nism of these gene expressions may be different among organisms.
In relation to gene expression in the MVA and MEP pathways, Hemmerlin (2013) reported that expression of the acetoacetyl-CoA thiolase (AACT), 3-hydroxy-3-methylglutaryl-coenzyme A synthase (HMGS), HMGR, and mevalonate kinase (MK) genes in the MVA pathway and all the genes except for the isopentenyl diphosphate:dimethylallyl diphosphate isomerase (IDI) gene are mainly controlled at the transcription level in plants. This issue and our results described above suggest that the AACT, HMGS, CMK, and MDS genes that are expected to be controlled at the transcription level and expressed at low levels in P. tricornutum may be important target genes for overexpression to enhance the production of hydrocarbons and carotenoids in P. tricornutum. Hemmerlin (2013) also reported that plant HMGR in the MVA pathway and DXS, DXR, MCT, HDS, and HDR in the MEP pathway are controlled in multilevel regulation such as the transcriptional, post-transcriptional, translational, and post-translational levels. The FPKMs of multilevel-regulated enzyme genes in P. tricornutum, namely the HMGR gene in the MVA pathway and the DXS, HDS, and HDR genes in the MEP pathway, were relatively higher than those of other genes (Fig. 2) . Although control of these enzymes (e.g., regulation of gene expression and enzyme activity) in P. tricornutum remains largely unknown, the overexpression of multilevelregulated enzyme genes such as the HMGR and DXS genes has resulted in increased phytosterols and carotenoids in tomato, respectively (Enfissi et al., 2005) . In addition, overexpression of the tomato HDR gene in Arabidopsis increased carotenoid content such as -carotene and lutein in the chloroplasts (Botella-Pavía et al., 2004) . Thus, these genes that are highly expressed in the MVA and MEP pathways in P. tricornutum may also be potential genes for overexpression in the metabolic engineering of P. tricornutum.
Looking at the expression profile of genes following the MVA pathway for squalene, the expression level of the squalene synthase (SS) gene, for example, is the same as that of the IDI gene in the MVA pathway because the SS gene fuses to the IDI gene in the MVA pathway in P. tricornutum (Fabris et al., 2014) . The fusion of the IDI and SS genes has also been found in diatoms such as Nitzschia sp., Thalassiosira oceanica, and T. pseudonana; brown algae such as Ectocarpus siliculosus, Eustigmatophyceae Nannochloropsis gaditana, Pelagophyceae Aureococcus anophagefferens, and Coccolithales Emiliania huxleyi; and dinoflagellates such as Alexandrium tamarense and Lingulodinium polyhedron (Davies et al., 2015) . The expression level of the gene involved in carotenoid production following the MEP pathway, the phytoene synthase gene, which is generally thought to be the most important regulatory enzyme in the carotenoid biosynthetic pathway in plants (Cazzonelli and Pogson, 2010) , has been reported to be relatively low among other enzyme-encoding genes that are involved in the carotenoid biosynthetic pathway in P. tricornutum (Kadono et al., 2015) .
Temperature affected gene expression, resulting in the FPKMs of the genes in the MEP pathway, except the MDS gene, being relatively large under the low temperature condition (Fig. 2) , which may result in the production of carotenoids acting as antioxidants. The growth rate of P. tricornutum under the low temperature condition was not remarkably different from that under the high temperature conditions (Table 1) . Considering these results, low temperature may be suitable for enhanced production of isoprenoids such as carotenoids.
In relation to the potential production of carotenoids at low temperature in P. tricornutum, the accumulation of hydrogen peroxide, which induces oxidative stress and the antioxidant response or both, was observed at low temperature in Arabidopsis and maize (Prasad et al., 1994; O'Kane et al., 1996; Pastori et al., 2000) . Therefore, P. tricornutum might produce carotenoids via the MEP pathway to adapt to the low temperature condition, which induces oxidative stress.
Selection of genes that are highly expressed in P. tricornutum We searched for genes to develop promoters that can drive high-level expression of transgenes in P. tricornutum. The proteins encoded by the genes with the top five values of FPKM obtained using RNA-seq analysis under the various conditions tested are listed in Table 2 . Of those genes, the ones that showed homology to a clumping factor A precursor (NCBI Reference Sequence: XM_002181585), Vtype proton ATPase subunit C (NCBI Reference Sequence: XM_002181918), and a predicted protein (unknown function, NCBI Reference Sequence: XM_002183912) showed a higher expression level than that of fucoxanthin chlorophyll a/c binding protein C (fcpC) (GenBank: Z24768) (Table 2) , whose promoter has been used in metabolic engineering of P. tricornutum (Niu et al., 2013; Ma et al., 2014; Xue et al., 2015) . Ifuku et al. (2015) reported that the genes of V-type proton ATPase subunit C and FCP family are also expressed at a high level in Centrics Chaetoceros gracilis, finding that the promoter regions of the genes succeeded in inducing the expression of transgenes. Therefore, the promoter regions of the genes of P. tricornutum shown in Table 2 , especially the promoters of the clumping factor A precursor and V-type proton ATPase subunit C genes, are considered a potential source of promoters useful for metabolic engineering of P. tricornutum.
In conclusion, we obtained the gene expression profile involved in isoprenoid biosynthesis in the marine diatom P. tricornutum using RNA-seq analysis. The gene expression profile suggested potential target genes in the MVA and MEP pathways for the metabolic engineering of P. tricornutum to enhance isoprenoid production. In addition, RNA-seq analysis revealed genes that are highly expressed in P. tricornutum, suggesting that the promoter regions of the genes may contribute to developing promoters useful for the metabolic engineering of P. tricornutum.
